ABSTRACT: The complexity of strongly correlated electron physics in vanadium dioxide is exemplified as its rich phase diagrams of all kinds, which in turn shed light on the mechanisms behind its various phase transitions. In this work, we map out the hydrostatic pressure−temperature phase diagram of vanadium dioxide nanobeams by independently varying pressure and temperature with a diamond anvil cell. In addition to the well-known insulating M1 (monoclinic) and metallic R (tetragonal) phases, the diagram identifies the existence at high pressures of the insulating M1′ (monoclinic, more conductive than M1) phase and two metallic phases of X (monoclinic) and O (orthorhombic, at high temperature only). Systematic optical and electrical measurements combined with density functional calculations allow us to delineate their phase boundaries as well as reveal some basic features of the transitions.
V anadium dioxide (VO 2 ), as a prototype of strongly correlated electron materials, is of great interest in condensed matter physics as well for device applications. 1−3 The electron correlation interplaying with lattice stabilizes a very rich phase diagram of VO 2 that consists of many phases with distinct structures and electronic properties. Transitions between these phases can be driven by temperature, photoexcitation, hydrostatic pressure, uniaxial stress, or electrical gating. 1,4−12 For example, the well-known, insulating M 1 (monoclinic, space group P2 1 /c) phase transforms to the metallic R (tetragonal, P4 2 /mnm) phase at 68°C under ambient pressure. 1 This M1−R transition can also be driven by hydrostatic pressure 6 or uniaxial compression. 4 The application of hydrostatic pressure is a clean and powerful way to tune the lattice and electronic degrees of freedom. Hydrostatic pressure applied via a diamond anvil cell (DAC) has also been able to drive the M1 phase to another isostructural, more conductive M1′ phase, and finally a new metallic X (monoclinic) phase at room temperature, and to drive the metallic R phase to new metallic O and X phases at 383 K. 9 A pressure−temperature phase diagram has been proposed for VO 2 . 8 However, this phase diagram with three regions of M1, M X , and R is largely schematic, and their phase boundaries, especially at high pressures, are unclear, undefined, and unsubstantiated with experimental data. In this work, we establish a clear hydrostatic pressure−temperature (P−T) phase diagram for VO 2 , quantitatively delineating the phase boundaries between the M1, M1′, R, O, and X phases, and provide comparisons to firstprinciples calculations.
The phase transitions were identified within a heated DAC by various techniques, including Raman spectroscopy, optical reflectance, and electrical transport. The VO 2 nanobeams used in this work were grown using a vapor transport method. 13 They typically have a flat surface and small (<1 μm) thickness, and exhibit a single-domain, sharp metal−insulator transition (MIT) at T MIT = 68°C, with a narrow hysteresis. All highpressure experiments were performed in a four-post DAC with 300 μm culet size (see Supporting Information). The pressuretransmitting medium was a mixture of methanol−ethanol (4:1) and Daphne 7373, for Raman and electrical measurements, respectively. A quasi four-probe geometry was used for the electrical measurements using Pt foil as electrodes, and the microdevice fabrication method can be found elsewhere.
14 High temperatures were realized by heating the DAC in a water bath or with heating belts. The pressure was calibrated with the standard method of ruby photoluminescence. 15 The temper-ature was measured with a thermocouple placed very close to the gasket chamber. Theoretical calculations were performed within the framework of density functional theory (DFT). Electron−electron exchange and correlation effects were described by the generalized gradient approximation with the Perdew−Burke−Ernzerhof (PBE) 16 functional plus Hubbard U. 17 The density-functional or Kohn−Sham equations were solved with the plane-wave pseudopotential method, as implemented in Vienna ab initio Simulation Package. 18, 19 The k-mesh for sampling the Brillouin zone and plane-wave cutoff energy for expanding the electronic wave functions were chosen such that the total energies were converged within 0.65 meV/ formula unit (f.u.). We chose U = 3.4 eV, which produces the bandgap of M1 phase (0.7 eV) correctly. 20 Figure 1 shows the phase transition driven by temperature under constant pressure (i.e., isobaric conditions). The pressure was fixed at 9.6 GPa for experiments in Figure 1 . As shown in Figure 1a , a sharp change in optical reflection is seen within a narrow temperature range (< ∼0.2°C), signifying the transition from the insulating (bright) phase to the metallic (dark) phase, consistent with previous observations on this type of specimens.
21, 22 The very narrow temperature range further confirms the nearly single-domain nature of the phase transition. This is also an indication that the specimens, which are transferred from the as-grown substrate to the diamond surface, sit loosely on the surface instead of being firmly clamped on it, and as such, any strain imposed by the diamond surface onto the specimen is negligible. The lack of strong clamping is also beneficial for the molecules of the pressure medium to sip in underneath the sample, thus ensuring the hydrostaticity of the pressure transmitted to the sample. Raman spectra of the sample obtained at these temperatures are shown in Figure 1b . From the Raman spectrum, the low-temperature phase is clearly identified as the M1 phase. Combining isotope substitution and density functional theory calculations, it has been established that, in the M1 phase, the two low-frequency peaks of ω = 193.9 and 228.5 cm −1 (at 21.6°C) correspond to V−V lattice vibration, and all other Raman peaks are related to V−O vibration modes. 23 All of these modes slightly soften with increasing temperature, until reaching the transition temperature, above which all Raman peaks disappear owing to the metallicity of the R phase. The transition temperature obtained by Raman is identical with that obtained by optical reflection. More importantly, the transition temperature of T MIT = 77.4°C at 9.6 GPa is higher than T MIT = 68°C at ambient pressure (∼0 GPa). This is consistent with previous report of a positive slope in the M1−R phase boundary. 6 At constant temperature (i.e., isothermal condition), the hydrostatic pressure also drives VO 2 from the M1 phase to new phases. Shown in Figure 2a is the Raman spectra taken at fixed temperature of 50°C with increasing pressure. The Raman peaks of the M1 structure gradually shift to higher wavenumbers with pressure, until very high pressure (∼33 GPa) where they all disappear, indicating a metallic phase at and beyond that pressure. We mark this metallic phase as the X phase following previous work. 9 Plotting the pressure dependence of the three most prominent Raman peaks reveals new information, as shown in Figure 2b . It can be seen that the V− O mode at ω = 617.5 cm −1 (2.5 GPa) blue shifts linearly with an initial rate of dω/dP = 4.1 cm /GPa when the pressure is higher than 16.5 GPa. The two V−V modes, on the other hand, show no obvious change in the slope (dω/dP). However, we note that, at lower temperatures such as room temperature (Supporting Information, Figure S2 ), these two V−V modes also show slight slope change at the same pressure where the V−O mode shows the slope change. This is consistent with previous, room-temperature pressure studies. 7, 23 Therefore, before reaching the metallic phase, all of the M1 Raman modes remain, but some (or all, depending on temperature) of them show a change in the pressure rate at ∼16.5 GPa. This effect points to a continuous phase transition from M1 to a new, insulating M1′ phase at this pressure, as suggested also by our previous room-temperature micro-X-ray diffraction (XRD) experiments. 9 The M1′ phase is isostructural to M1, yet with very different electrical resistances as discussed below.
In order to probe the electronic nature of these phases, electrical transport measurements were also performed as a function of pressure or temperature. Figure 3a shows the resistance (R)−temperature (T) dependence at fixed pressures. Similar to typical transport measurements at ambient pressure, at low temperatures VO 2 behaves as a doped semiconductor, with a decreasing resistance with temperature. At a certain temperature (T MIT ), the resistance abruptly drops down by several orders of magnitude. The process is reversible, as cooling at the same pressure shows a very similar R−T dependence with a small hysteresis as seen in Figure 3a . There are some small features on the R−T curves, possibly attributed to inhomogeneous pressure in the DAC. The resistance was also measured as a function of pressure at room temperature, as shown in Figure 3b . A drastic change in the pressure dependence is seen in the range of 15−20 GPa, which is about the same pressure where the Raman peaks change slope in Figure 2b . Therefore, the much more rapidly decreasing resistance in Figure 3b is associated with the M1′ phase. Such a new phase at high pressures has been considered as the onset of metallization process occurring in the monoclinic structure. 7, 24 Our observation of the M1-like Raman peaks together with rapidly decreasing, yet nonmetallic, resistance in the M1′ phase shows that it is still a monoclinic-structured insulating phase, but with a narrow bandgap rapidly closing from that of M1 phase (E g ≈ 0.7 eV). 20 As pressure further increases beyond ∼38 GPa, VO 2 transforms into the metallic X phase showing very low resistance.
The optical reflectance, Raman, and electrical transport data obtained in isothermal and/or isobaric conditions allow us to construct a pressure −temperature phase diagram of VO 2 , including M1 (I), M1′ (I), R (M), O (M), and X (M) phases as shown in Figure 4 . Four phase transition points (black squares) obtained with micro-XRD at room temperature as well as 110°C are also added for comparison. 9 It can be seen from Figure 4 that, although these data points were taken with different techniques (Raman, electrical, reflectance or XRD), along different axes of variables (isobaric or isothermal), and on different samples, they clearly define a consistent P−T phase diagram over a wide pressure and temperature range. This phase diagram share some similarities to the largely schematic diagram of phases reported in ref 8: the P−T phase boundary has a positive slope at low pressures, and evidence of new metallic phases at high pressures. However, the most striking features of this diagram are (1) the dome-like, nonmonotonic phase boundary between the low-temperature, I phases and high-temperature, M phases (i.e., the MIT boundary), and (2) the gradual evolution along the pressure axis from the insulating M1 to the less insulating M1′ and finally the metallic X phases, while the M1−M1′ boundary incidentally extrapolates to the vertex of the MIT dome. In the following we analyze these features.
For the transition from the well-known M1 (I) to R (M), the slope of the phase boundary dT/dP is determined to be 1.4°C/ GPa when averaged over a wide range of P from 0 to 16 GPa. This is higher than the reported dT/dP = 0.8°C/GPa measured over P < 4 GPa. 6 It can be seen from Figure 4 that the M1−R phase boundary takes a convex line shape, showing a higher slope at higher pressures. The M1−R transition is a firstorder phase transition, with a discontinuous change in volume of ΔV/V = 0.044% at ambient pressure. 25 These quantities are related through the Clausius−Clapeyron equation dT/dP = TΔV/L, where ΔV = V R − V M1 is the molar volume change and L is the molar enthalpy change (latent heat) going from M1 to R. The positive slope (dT/dP) is an indication of volume expansion going from M1 to R, consistent with reports. 8, 25 Using the average dT/dP = 1.4°C/GPa and the ambient ΔV/V = 0.044%, an average L is calculated to be ∼1.9 kJ/mol, compared to averaged value of L = 3.1−4.3 kJ/mol in literature. 25 By considering the P dependencies of dT/dP and ΔV, it is possible to go beyond these averaged values and obtain values of L under pressure. The molar volume, V, has been experimentally measured as a function of P at 25°C (M1 phase) and 110°C (R phase) in ref 9 , as well as a function of T (both M1 and R phases) at ambient pressure in ref 25 , and these dependencies all appear linear within the range of pressure and temperature variations. Assuming that both V M1 and V R depend on P and T following the linear functional form of αP + βT + δ, by fitting to the experimental data in refs 9 and 25, one can obtain α M1 , β M1 , δ M1 and α R , β R , δ R . Consequently, the volume change ΔV = V R − V M1 is obtained as a function of T and P, and its values along the M1-R phase boundary is determined. Combining the values of ΔV with the slope dT/dP of the measured phase boundary shown in Figure 4 , the variation of L is obtained along the phase boundary. As shown in Figure S3c , L increases as a function of pressure, varying from 1.3 kJ/mol at ambient pressure to 12.2 kJ/mol at ∼16 GPa. Budai et al. 26 showed that the R structure is much more anharmonic than the M1 phase and that the total entropy change (0.43 k B /atom) across the MIT at ambient pressure is mostly attributed to softer anharmonic phonons in the R phase, rather than electronic contribution. Our discovery of increasing L points to even stronger lattice anharmonicity in the R structure at higher pressures.
We performed DFT calculations to investigate the M1′(I)− X(M) transition. The calculations for these phases covered pressures from 10 to 90 GPa as shown in Figure S4 . By full optimization of the structure, the enthalpy and lattice parameters of the two phases were obtained. The volume is calculated to decrease by ∼5% from that of the M1′ to X phase, which is much higher than that of the M1−R transition. As the slope dT/dP of the M1′−X phase boundary is negative with an averaged value on the same order of magnitude with that of the M1−R boundary, the average latent heat L is estimated to be positive going from M1′ to X and much higher than L(M1−R), reaching ∼155 kJ/mol, suggesting a much higher entropy in the metallic X phase than in the metallic R phase.
For the M1 to M1′ transition, the phase boundary is nearly vertical. We calculated the pressure-driven change in phonon frequencies using the finite difference method (see Figure S5 ). At P > 15 GPa, some phonon modes start to deviate substantially in pressure dependency from those of the M1 phase. We evaluated the room-temperature Gruneisen parameters of the Raman modes, γ = −∂ ln(ω)/∂ ln(V) = −(V/ω)(dω/dP)/(dV/dP). As shown in Figure S2 , for the V− V Raman mode at 222.1 cm −1 (0 GPa), dω/dP increases from 0.2 for M1 to 0.8 cm Finally, for the transition from the metallic R to the metallic O phase, calculations predict an onset of the transition in the range of 12−14 GPa (see Figure S6 ). As expected, the O phase comes with a gradually reduced volume (by 0.3% at 14 GPa and 2.2% at 30 GPa) as compared to the R-phase unit cell. Meanwhile, the a-and b-lattice parameters split into two values above the pressure for the tetragonal structure. Note that the absolute shifts of the atoms are even more pronounced, since the oxygen parameters are given relative to the cell parameters and thus have to be multiplied by these in order to obtain the real distance between atoms. This R−O phase transition is also signaled by the difference of the enthalpies of the R and O phases as displayed in Figure S6a . The enthalpy calculated for the O structure starts to lower at about 13 GPa and then experiences a drastic drop between 15 and 30 GPa, thus stabilizing the O structure. We tried other functionals (PBE and PBEsol 27 ) and found the same energy and structural relations between R and O phases.
In conclusion, we have experimentally mapped the phase diagram of VO 2 by independently varying pressure and temperature in a diamond anvil cell, which is also analyzed and supported by first-principles calculations. The diagram establishes phase boundaries not only between the well-known, insulating M1 phase and the metallic R phase, but also between the M1 phase and a more conductive M1′ phase at intermediate pressures, as well as between the M1′ phase and a metallic X phase at very high pressures. At high temperatures, the existence of another metallic O phase is also discussed. Our established phase diagram may serve as an instructive benchmark for ultimate elucidation of the phase transition physics of VO 2 , as well as its potential applications.
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1 The VO 2 nanobeams were grown in a low-pressure horizontal quartz tube furnace by chemical vapor transport method. The unpolished quartz (~1 cm×0.6 cm) was used as substrate. In brief, V 2 O 5 precursor was placed in a quartz boat, and its distance from quartz substrate was ~1.5 cm. The furnace was then heated to 950 o C. The evaporated precursor was transported by Ar gas (6.8 sccm, 4.0 Torr), and then formed VO 2 nanobeams on quartz surface. After 15 min, the system naturally cooled down too room temperature.
Supporting information
The device fabrication and measurements were performed in a four-post DAC with 300 µm culet size. The steel gasket was coated by a mixed powder of cubic-boron nitride and epoxy to electrically isolate different electrodes, and the final gasket hole drilled by laser was about 100 µm as the sample chamber. Daphene 7373 oil was utilized as the pressure transmitting medium. Pt strips (~5 µm thickness) cut by a sharp blade were used as electrodes. A VO 2 nanobeam was transferred from the as-grown quartz substrate to the diamond surface by a probe tip. A ruby particle was placed near the VO 2 nanobeam as the pressure sensor. Electrical connections between Pt electrodes and VO 2 were achieved using silver paste. An optical image of the fabricated device is shown in the inset of Figure 3b . 
